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Abstract--Stereoregularity and conformation f high polymers are reviewed inrelation to symmetry. 
Stereoregularity of polypropylene is analyzed with two kinds of Bemoullian stochastic processes, while 
conformation f poly(vinylidene fluoride) in solution is related to that in the crystalline state. In both 
studies nuclear magnetic resonance spectroscopy is applied. A historical survey isalso sketched for the 
relationship between the concept of symmetry and organic (including polymeric) molecules. 
1. ISOMERS AND DIMENSION 
In 1848 Pasteur found that racemic acid is a mixture of D- and L-tartaric acids, in which D and 
L denote dextrorotatory and levorotatory, respectively. Dextro and levo correspond to right and 
left, respectively, in Latin. This finding is the dawn of the concept "symmetry" in organic 
chemistry. In Fig. 1 are shown the chemical structures of two kinds of tartaric acids. Both 
compounds are composed of four carbons (C), six hydrogens (H), and six oxygens (O). Such 
compounds are called isomers with each other in chemistry. Iso means "the same" in Greek; 
isomer means the body with the same constituents. In Japanese, isomer is called iseitai, in 
which i means different, sei means property, and tai means body. Japanese terminology means 
the body with different properties. It is very interesting that "the same" appears in English 
(and also other Western languages) while "different" appears in Japanese. This difference is, 
however, not curious, because a more precise definition of isomer should be a body with 
different properties in spite of the same constituents. 
The existence of such isomers is closely related to the fact that we are living in a three- 
dimensional space. In 1874 van't Hoff and LeBel independently proposed that four bonds of 
carbon atom (strictly speaking, saturated carbon atom) are arranged tetrahedrally as shown in 
Fig. 2. This proposal strongly struck the brains of theoretical chemists in 19th century, who 
had considered everything in a two-dimensional space such as books, papers and blackboards. 
For instance, a famous German chemist, Kolbe, attacked this proposal with a violent tone. If 
one thinks of the fact that he is living (not thinking) in three-dimensional space, the rationality 
of this proposal should easily be recognized. This has already been established experimentally; 
the Japanese chemist Nitta crystallographically analyzed the tetrahedral rrangement of four 
bonds in an organic molecules, pentaerythrit, C(CHzOH)4 in 1926. 
If one tries to label the four vertices in a tetrahedron with four letters, A, B, D, and E, 
respectively, there are 4!~---24 possibilities. Among these a majority of them are redundant and 
can be generated from one another by rotation. There are only two independent arrangements, 
as shown in Fig. 3. In the gaseous phase such a rotation is frequently induced after receiving 
thermal energy. This is the reason why there are two isomers in racemic acid, in which 
A~COOH,  B~OH,  D~H,  and E~CH(OH)COOH. 
The number of isomers depends on the dimension of space in which a molecule is moving. 
In zero-dimensional space a point is the only body which is allowed to exist there. There is no 
concept of isomer___s in this SPaCe. In one-dimensional space a segment can exist besides a point. 
Two segments AB and BA cannot overlap with each other by any rotation in one-dimensional 
space, while they can in two-dimensional space. We who are living in three-dimensional space 
do not distinguish two molecules AB and BA with each other. If we are living in one-dimensional 
space, we must distinguish these two as isomers. 
An equilateral triangle is the simplest body which is not allowed to exist in one-dimensional 
but allowed in two-dimensional space. This is constructed with one segment where each segment 
is attached to each vertex in the former. In two-dimensional space AABD and AADB must be 
distinguished as isomers, while in three-dimensional space such a distinction is not required. 
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Fig. 1. Molecular structure ofD- and L-tartaric acids. 
Fig. 2. Tetrahedral model of a methane-like molecule. 
The regular tetrahedron is the simplest body which is not allowed to exist in two-dimensional 
but allowed in three-dimensional space. This is constructed with one equilateral triangle with 
each triangle attached to each side in the former. 
As a natural extension of the above consideration, we can easily imagine a regular pen- 
tahedron (in the four-dimensional sense) as the simplest body which is not allowed to exist in 
three-dimensional but allowed in four-dimensional space. This is constructed with one regular 
tetrahedron (in the three-dimensional sense) and four regular tetrahedra attached to each of its 
four planes; here a tetrahedron, ABDE, as a hypersurface of a pentahedron (in the four- 
dimensional sense) rotates around the axis (in the four-dimensional sense, for instance AABD), 
ABDE is turned inside out, and ABED is produced. This situation is quite similar to the rotation 
of AABD around the axis AB. By this process we can easily obtain AADB. This means that 
the two tetrahedra in Fig. 3 are not isomers with each other in four-dimensional space. 
In some cases, two kinds of molecules which can overlap with each other by rotation are 
called rotational isomers. In order to distinguish the above-mentioned isomer from this rotational 
isomer, the term optical isomer is used. This is due to the existence of optical activity in the 
latter; if polarized light is incident on optical isomers, the signs of their polarizing angles are 
opposite. This is the origin of the terminologies D and L. Rotational isomers are characterized 
by the difference of forms, while opticial ones are characterized by the difference of figures. 
Due to these differences, other terms, conformation and configuration, are also used respectively. 
For the statistical description of rotational isomers tatistical mechanics i most appropriate, 
in which Lebesgue measure (after a normalization procedure this quantity should become prob- 
ability) is given by the Boltzmann factor exp(-E/kT), where E is the energy, k the Boltzmann 
constant and T the temperature. For optical isomers a quite similar factor is also used, in which 
E is the activation energy and T the reaction temperature. This author believes (but cannot 
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Fig. 3. Two optical isomers of the molecule C=ABDE. 
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Fig. 4. Two optical isomers of polypropylene around C*. 
verify as yet) that such a similarity is due to only one difference between rotational isomers in 
three- and four-dimensional spaces. 
2. STEREOREGULARITY IN POLYPROPYLENE 
High polymers, both synthetic and natural, are made by sequential chemical linkage of 
small elements called monomers. This process is called polymerization. Polypropylene, for 
instance, is obtained by the polymerization of propylene, H2C~---CHCH3. Under appropriate 
conditions, the double bond is severed to a --CH2--CHCH3-- unit; the units are connected to 
form the polymer chain 
. . . . .  CH2- -CH- -CH2- -CH- -CH2- -CH . . . .  
J I I 
CH3 CH3 CH3 
In this polymer the carbons with asterisks are in the same situation as those in Fig. 3 (i.e. 
as shown in Fig. 4). We must, therefore, address the configuration of this polymer. If the 
polymer chain is stretched to make a planar zigzag skeleton, the configuration of this polymer 
can be expressed in terms of whether CH 3 groups are situated the above or below the plane 
containing the skeletal carbons (i.e. to a D or L configuration). Sequential pairs of similar and 
opposite configurations are called mesic (m) and racemic (r), respectively. These definitions 
are shown schematically in Fig. 5. 
Polymers with consecutive m sequences in the polymer chain can be compared with a 
queue of schoolboys with knapsacks [Fig. 6(a)], in which the knapsack corresponds tothe CH3 
group. In this case we require a space between two queues having a width on the order of the 
size of one knapsack. Polymers with consecutive r sequences require a similar lateral spacing 
when the knapsacks are interdigitated [Fig. 6(b)]. These two kinds of stereoregular polymers 
were named isotactic and syndiotactic polymers, respectively, by Natta. If monomer units have 
m v m 
I 
D ~'~ D~'L  ~"  L 
CH3 CH 3 CH 3 CH 3 
Fig. 5. Schematical representation f mesic and racemic arrangements in polypropylene. 
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Fig. 6. Illustration of(a) isotactic, (b) syndiotactic and (c) atactic polymers with queues of schoolboys. 
random stereoregularity, he situation regarding lateral packing is different from the above- 
mentioned polymers. As seen from the illustration of Fig. 6(c), we require a space the size of 
two knapsacks. In this space there are zero, one or two knapsacks. This lateral spacing is very 
important for stabilizing the crystalline structure of the polymers via the formation of secondary 
(van der Waals, hydrogen bonding, etc.) interactions between two adjacent chains. Crystalline 
polymers uch as fibers necessitate good stereoregularity of the chains, while amorphous poly- 
mers such as rubbers accommodate stereoirregular polymers. For plastics the situation is in- 
termediate between fibers and rubbers. 
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Fig. 7. Helical structure ofisotactic polymers. 
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Fig. 8. Solid-state high-resolution NMR spectra of (a) isotactic and (b) syndiotactic polypropylenes. 
The illustration in Fig. 6 was in two-dimensional space. In three-dimensional space the 
polymer is not arranged like a queue, but helically, as shown in Fig. 7. Solid-state high- 
resolution uclear magnetic resonance (NMR) can facilitate the study of polymer conformation. 
In Fig. 8 are shown the NMR spectra of isotactic (a)[l] and syndiotactic (b)12] polypropylene 
(this figure was arranged by Jelinski[3]). The conformation of the former is tgtg . . . .  which 
makes the helical form as shown in Fig. 7 (side and top views) and in Fig. 8(a) (top view). In 
this polymer, all methyl (CH3) groups are located in identical electronic environments. For the 
CH_~ and CH groups the situation is the same. As a result there are only one CH2 peak, one 
CH peak, and one CH 3 peak in Fig. 8(a). (The peak position, the chemical shift reflects the 
electronic environment of the corresponding atom or group). For syndiotactic polypropylene 
the shape of the helix is different from that for the isotactic molecule. This is due to the tgtg 
conformation [Fig. 9(b)]. In this helical form, we can expect wo CH2 peaks, one CH peak, 
and one CH3 peak. NMR confirms these expectations [Fig. 8(b)]. The different contbrmations 
between isotactic and syndiotactic polymers are interpreted in terms of van der Waals interactions 
between skeletal and sidechain atoms; the most stable conformation is realized in the solid state. 
The energy differences between the most stable and other stable conformers are usually 
comparable to the thermal energy. This means that when these polymers are dissolved, each 
group rapidly changes from one stable conformer to another conformer. As a result, NMR peak 
positions are an average of the chemical shift values corresponding to each conformer. Such 
an averaging process induces the other kind of effect, narrowing of the peak due to rapid motion. 
If the spacings between adjacent peaks are smaller than peak widths in solution and larger than 
those in solids, coalesced adjacent peaks can split into each component peak after dissolving. 
The spacing due to the difference of configuration is just the above situation. 
In Fig. 9 is shown the CH3-region peaks of the polypropylene NMR spectrum in o- 
dichlorobenzene[4]. Each peak can be assigned to a corresponding pentad (four consecutive m
or r letters) as shown in Table 1. 
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Fig. 9. Solution high-resolution NMR spectrum ofhighly isotactic polypropylene (only CH~ region is shown). 
As completely isotactic or syndiotactic polymers do not exist, we have to analyze the 
stereoregularity of the polymers in probabilistic terms. For polypropylene we should expect wo 
kinds of Bemoullian processes; one is the selection of D or L (et denotes the probability of D 
selection) and the other is the selection of m or r (tr denotes the probability of m selection). A 
third parameter o~ is introduced to describe the mole fraction of the polymer obtained by the 
former stochastic process. The mole fraction of ten pentads by these three parameters are 
summarized in Table 2. The values of these three parameters were determined from the relative 
intensities of NMR peaks and are summarized in Table 3. The samples LH-5402 and XY-S701 
are commercial products produced in Liao Hua Chemical Factory (Liao Yang, China) and Xiang 
Yang Chemical Factory (Beijing, China), respectively. The sample LH-atac is a part of LH- 
5402, which is soluble in boiling heptane and insoluble in boiling pentane. Both in LH-5402 
and XY-S701 ~o is close to unity and ~x is also close to unity. These findings mean that these 
two samples are highly (but not completely) isotactic. 
Table 1. Calculated chemical shifts (ppm) of methyl carbons in polypropylene 
Pentad Calcd Pentad Calcd 
mmmm 0.000 rmrr  - 0.957 
mmmr - 0.255 mrmr - 1.123 
rmmr - 0.447 r r r r  - 1.524 
mmrr  - 0.749 mrrr  - 1.706 
mmrm - 0.900 mrrm - 1.846 
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Table 2. Equations for pentads using three parameters, a, o- and to 
A 1 =mrnmm=oJ ( l  - 5fl+ 5fl2) +(1-09)0 .4 
.42 = mmmr = o9(2fl- 6fl 2) + 2(1 -- CO)O~( 1-- a) 
A 3 = rmmr = coil 2 + ( 1 -- o~)oa(l - o) 2 
A4 = mmrr  = co(2j8 - 6~ 2) + 2( 1 - o9)o-2(1 - a) 2 
A 5 = mmrm = 2o9fl 2+ 2(1 - o9)a3(1 - a) 
A 6 = rmrr = 2o9/~ 2 + 2(I - og)a( 1 - a) 3 
A 7 = rmrm = 2o9# 2 + 2(1 - o9)~(1 -- a) 2 
A s = rrrr = o9~2 + 2(1 - o9)(I - a) 4 
A9 = mrrr = 2o9fl 2+ 2(1 - og)a(l - a) 3 
A 1 o = mrrm = o9(/~- 3# 2) + ( 1 - ~)o~( 1- o') 2 
* #=~(1-~) .  
3. CONFORMATION IN POLY(VINYLIDENE FLUORIDE) 
Poly(vinylidene fluoride), (CH2~---CF2)n has been considered to have three crystal modi- 
fications depending on the crystallization condition (i.e. the precipitation solvent, the concen- 
tration of the polymer and the annealing temperature during crystallization). The difference 
between these crystal modifications at the molecular level is that of chain conformation. In this 
section we will clarify the relationship between conformations in solution and in solution-grown 
crystals. 
The three stable conformers that are relevant are shown in Fig. 10 in a Newman projection. 
In the left one the skeletal bonds are composed of the segment started from CH2, the segment 
which is perpendicular to the plane of the paper, started from the terminal of the above segment 
and the segment terminated at CF2. In this conformer CH2 and CF2 are the most separated; such 
a conformer is called t rans  (T). The remaining two conformers are called gauche.  I f  these two 
must be distinguished with each other, the notations G and G are used (Fig. 10). 
In the proton NMR spectrum of this polymer the CH2 peak splits into five peaks with equal 
spacings. This spacing is called the indirect spin-spin coupling constant, and the notation J is 
usually used. T~t t ing  is due to coupling between protons and four vicinal fluorine nuclei, 
i.e. - -CF2- -CH2- -CF2- -  ( "v ic ina l"  means atoms separated by three consecutive bonds 
(H- -C - -C - -F ) ) .  The magnitude of J depends on the conformation. In the T conformer there 
are four vicinal H - -F  pairs in which two are t rans  between H and F, and two are gauche.  We 
can, therefore, write 
J'r = (Jr + Jg ) /2 ,  (1) 
JG = J~ = (J~ + 3J~)/4, 
where capital subscripts T, G, and G stand for the conformation of skeletal bonds, and small 
subscripts t and g stand for the conformation between H and F atoms. 
Due to the rapid interconversion f the conformers, we can observe only an average value 
of eqn (1): 
2Jc  + J r  exp( -AE/kT)  
Jo~s = , (2) 
2 + exp( -AE/kT)  
in which z~E is the energy difference between G and T conformers, k is the Boltzmann constant 
and T is the temperature. 
Table 3. The calculated a, o-, and co values for various polypropylenes 
Crude 
Sample tacticity ce cr co 
LH-atac atactic 0.894 0.239 0.822 
LH-5402 isotactic 0.984 0.164 0.987 
XY-S701 isotactic 0.980 0.014 0.986 
856 R. CHOJ0 
0.20 
e-- Par 
0-- PTG 
A__ PGr. 
o.15 
~:H~ ~H2 HF2 ~ H 
 ,V"I-yCF  C H 
D o,lo 
F ""...-~ "F CF  ~,jt ~ \ F 'y  ;F F''~H "F 8 
T G I~ 0,05 
Fig. 10. Three stable conformers in poly- 
(vinylidene fluoride). 
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Fig. l 1. Dependence of the populations Prr, PTG, and P~ on the 
volume fraction of monochlorobenzene i  poly(vinylidene fluoride). 
From experimental NMR data Jt and Jg are determined tobe 35.7 Hz and 6.5 Hz irrespective 
of temperature and the type of solvent. The value of AE depends on the solvent[5]. 
It is well known that when the crystal of this polymer is precipitated from the mixed- 
solvent system, monochlorobenzene (MCB) and dimethyl sulfoxide (DMSO), the conformation 
in the crystal depends on the composition of the solvent. In order to apply NMR data to the 
study of the relationship between crystalline and solution conformations, we must use the 
precipitation temperature in eqn (2). This yields the result of Fig. 11. We can see from this 
figure that the population, Pc, o, of the GG conformer (P~- -Pos~PoG~P~)  is large over a 
wide range of Xn, the volume fraction of MCB. We nevertheless cannot find these conformers 
in the crystalline state. Perhaps these conformers have insufficient intermolecular interaction. 
Proceeding to the comparison between Par and PTO (---~PT0~PoT~P~T), except for XR close 
to unity, PTr is always larger than PT6" The conformation of the corresponding crystalline 
structures i also TT, as shown in Fig. 12(I). If XR is close to unity, Par and PT6 are close to 
each other. There are two kinds of conclusions about the corresponding crystalline structure: 
TGTG [Fig. 12(II)] and TGTTrGTT [Fig. 12(III)]. From the results of NMR the latter seems 
to be reasonable. 
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Fig. 12. Three crystal modifications in poly(vinylidene fluoride). 
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In this article the concept of symmetry was reviewed for polymers. Only two examples 
were introduced relating to the polymer configuration and conformation. Of course, this concept 
is widely accepted in polymer science. 
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